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ABSTRACT 
 
It is important to understand the processes that regulate phosphorus (P) fluxes to coastal 
environments, because P is an important nutrient in coastal ecosystems. Phosphorus adsorbs to the 
surface of minerals in sediment and bedrock, and an influx of seawater can cause some of that P 
to desorb, raising the P concentration of ambient water. Although seawater-induced P desorption 
is thought to be an important source of P to coastal environments, the chemical reactions that 
underlie it have not been established. Previous work provides some relevant surface reactions and 
associated affinity constants between various aqueous P species and the surface of calcite and in 
dilute calcium carbonate-P solutions. However, these reactions with their respective affinity 
constants from the literature fail to predict the behavior of P with calcite in seawater. In this study, 
we conducted a series of batch experiments involving both adsorption and desorption of P in 
seawater, freshwater, dilute seawater, and mixtures of seawater and freshwater. We used these 
results in the geochemical model PHREEQC and the parameter estimation model PEST to 
optimize the affinity constants for the existing surface reactions. We found that after making minor 
adjustments to the affinity constants, the existing surface complexation models of calcite surface 
reactions from the published literature are sufficient to explain seawater-induced P desorption. 
Specifically, our results suggest that CaPO4- and either CaHPO4
0 or HPO4
2- may be important 
species in the P adsorption/desorption reactions in freshwater-seawater mixing.  
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INTRODUCTION 
Phosphorus (P) is an important nutrient in coastal ecosystems. Indeed, primary productivity 
is P limited in many coastal estuaries, such as the Florida Everglades (Rivera-Monroy et al., 2011, 
Coronado-Molina et al., 2012). Because of the sensitivity of coastal ecosystems to P availability, 
it is important to understand the processes that regulate P fluxes.  
One important P source is freshwater-seawater mixing, whereby water-rock interactions 
can release P that had been adsorbed to solid surfaces of the bedrock or sediment. Many mineral 
surfaces adsorb P more strongly in freshwater, compared to seawater (Froelich, 1988). This means 
that P adsorbed to a surface in freshwater may desorb if the surrounding water changes to seawater. 
Seawater-induced P desorption raises the P concentration in the surrounding water (Froelich, 
1988). 
Because seawater-induced desorption is an important source of P to coastal areas, it is 
important to understand the chemical reactions driving it. However, the chemical reactions that 
underly seawater-induced P desorption from mineral surfaces have not been established.  
In this study we seek to better understand the mechanism underlying seawater-induced P 
desorption. The chemical reactions governing adsorption/desorption depend on the composition 
of both the solid and the solution at the solid-solution interface. For this reason, it is necessary to 
focus on a single phase at a time. In this study we chose to focus on calcite, because many coastal 
estuaries are carbonate-based, such as the Everglades, the Bahamas, and Mallorca, Spain (Fish and 
Stewart, 1991, Kenter, 1990, Price and Herman, 1991). 
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Previous laboratory studies offer some important clues as to what aspects of seawater play 
an important role in seawater-induced P desorption. Seawater has higher pH than most freshwater, 
and it also has higher concentrations of cations and anions. Experiments have demonstrated that 
although ionic strength and pH affect P sorption, these factors alone are insufficient to explain 
seawater-induced P desorption from the calcium carbonate phase aragonite (Millero et al., 2001a). 
In isolation, the common seawater cations Ca2+ and Mg2+ enhance P adsorption. 
Carbonate/bicarbonate anions have been shown to diminish P adsorption to aragonite (Millero et 
al., 2001a) and calcite (Sø et al., 2011). Millero et al. (2001a) also showed that SO4
2- also 
diminishes P adsorption, suggesting that Ca2+ and Mg2+ may combine with CO3
2-/ HCO3- and/ or 
SO4
2- to diminish P adsorption.  
However, experimental data alone cannot narrow down what reactions may be behind these 
observations. Geochemical computer modeling can be a valuable tool for elucidating chemical 
reactions that can explain empirical observations. The configuration of the solid-solution interface 
where adsorption/desorption occurs is conceptualized through surface complexation models. 
Adsorption is represented as a surface reaction equilibrium between aqueous species and 
adsorption sites. Adsorption sites are conceptualized as ions which are bound to the crystal lattice 
and exposed at mineral surfaces. Adsorption/desorption reactions are controlled by reaction 
thermodynamics, analogous to aqueous complexation reactions.  
Surface complexation models can simulate the changes in adsorption of dissolved species 
as pH, solute concentrations, and ionic strength change, within the range of variability for which 
the affinity constants for the surface complexation reactions were determined. If the solution 
differs significantly (e.g., much higher ionic strength, or the introduction of an ion not previously 
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present), the affinity constants may change, a different surface complexation model may be more 
appropriate, or additional reactions may need to be added. 
Van Cappellen et al. (1993) first developed a surface complexation model of the interface 
between the dissolved ions and a range of different carbonate surfaces. Pokrovsky and Schott 
(1999), Pokrovsky et al. (1999) further developed this model for magnesium carbonate. In their 
model, the CaCO3 surface consisted of positively charged sites (i.e., where the Ca of CaCO3 is 
exposed), to which negatively charged ions (and water) could adsorb, and negatively charged sites 
(where the CO3 of CaCO3 is exposed), to which positively charged ions (and water) could adsorb. 
They used a surface complexation model to fit the data to a set of reactions between the calcite 
surface and Ca2+, H+, H2O, CO3, and HCO3- in the solution. 
Sø et al. (2011) extended this model to describe the adsorption of P onto calcite. They 
conducted batch experiments with 13 synthetic calcite-equilibrated solutions with variable pH, and 
ionic strengths (up to 10% of seawater ionic strength). They used these empirical results as input 
to the geochemical model PHREEQC in conjunction with a parameter estimation program (PEST). 
Sø et al. (2011) found two sets of surface reactions and corresponding affinity constants which 
they referred to as Model 1 and Model 2 (see Table 1), and which provided an equally good fit for 
their empirical data. The two models both included exchange carbonate ions for CaPO4- at the 
positive (Ca) adsorption sites on the calcite surface, and each model also includes a second 
adsorbing species: Model 1 included CaHPO4
0, and Model 2 included HPO4
2-. These models 
include both “weak” and “strong” positive (Ca) adsorption sites on the calcite surface. Thus, each 
of the two models included a total of four surface reactions so as to allow for two adsorbing species 
(CaPO4- and either CaHPO4
0 or HPO4
2-) which could adsorb to both strong and weak Ca sites at 
the calcite surface. In both models, P adsorbs by ligand exchange with CO3
2-. 
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Since Millero (1982) postulated that Ca2+ and CO3
2- help explain the effect of seawater on 
P sorption, and since these ions are central to the surface complexations models of Sø et al. (2011) 
(Table 1), we hypothesize that these models may help explain seawater-induced P desorption. 
However, it is not possible to adequately evaluate the applicability of these models to P 
adsorption/desorption in seawater without being able to adjust the affinity constants. Affinity 
constants only apply to the experimental conditions from which they were generated. It is not 
reasonable to assume that P adsorption/desorption in seawater can be described with the same 
affinity constants generated in simpler and more dilute solutions, even if the reactions are 
appropriate.  
Table 1: Summary of surface complexation reactions and affinity constants (Log k’s) describing 
phosphate (PO4
-) adsorption at the surface of calcite obtained for a set of calcite-equilibrated 
solutions with variable pH, Ca2+, HCO3-, and ionic strength up to 0.07 M (25°C) using the CCM; 
values were taken from Sø et al. (2011). The error interval corresponds to the 95% confidence 
level.
This study seeks to answer two questions: (1) Can seawater-induced P desorption be 
adequately explained by the existing surface complexation reactions in the literature? (2) If so, 
what are the best affinity constants to describe these reactions in seawater? To address these 
questions, we conducted new batch experiments of P adsorption/desorption with calcite and 
 Model 1: CaHPO40 with CaPO4-  Log k 
Weak sites: >CaCO3- + CaHPO40 = >CaHPO4Ca+ + CO32- -1.75 ± 0.07 
>CaCO3- + CaPO4- = >CaPO4Ca0 + CO32-   -0.79 ± 0.07 
Strong sites: >sCaCO3- + CaPO4- = >sCaPO4Ca0 + Co32- 2.21 ± 0.03 
>sCaCO3- + CaHPO40 = >sCaHPO4Ca+ + CO32-     0.90 ± 0.06 
   
 Model 2: HPO42- with CaPO4-  Log k 
Weak sites: >CaCO3-+ HPO42- = >CaHPO4- + CO32-   -2.00 ± 0.15 
>CaCO3-+ CaPO4- = >CaPO4Ca0 + CO32-   -0.72 ± 0.10 
Strong sites: >sCaCO3-+ CaPO4- = >sCaPO4Ca0 + CO32- 2.30 ± 0.05 
>sCaCO3- + CaHPO42- = >sCaHPO4-+ CO32- 0.17 ± 0.16 
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seawater which can be used as input to a geochemical model to optimize affinity constants and 
compare the fit of the existing reactions to our empirical results. 
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EXPERIMENTAL PROCEDURES 
 
Calcite 
Reagent grade (99+%) calcite was obtained from ACROS Organics. 
Water samples 
We wished to use representative natural samples of seawater and fresh groundwater to 
more closely approximate field conditions of saltwater intrusion.  
The seawater used throughout the experiments was taken from the surface of the Gulf of 
Mexico (S = 40) was obtained at rising tide at the boat dock of Bunces Pass at Fort DeSoto Park, 
St Petersburg, FL, USA, and stored in 9-L Nalgene carboys. PO4
- levels in Gulf Stream waters are 
below 0.05 µmol kg−1. Fresh groundwater used throughout the experiments was extracted by 
peristaltic pump from the Floridan aquifer from a well on the campus of University of South 
Florida, Tampa, FL, USA. A “10% seawater” dilution was obtained by combining seawater and 
deionized water at a ratio of 1:9. To buffer the solution, we added 2 mM NaHCO3. 
The solutions were kept refrigerated until use and were filtered at 0.1 µm and brought to 
room temperature prior to use.  
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Water Quality Analysis 
The amounts of Ca2+, Mg2+ and SO4
2- components in freshwater and seawater and 
freshwater were measured by Advanced Environmental Laboratories (Table 2). We measured pH, 
salinity and alkalinity using an Orion Star A215 pH/Conductivity Meter.  
All P concentrations were determined by the microscale malachite green method 
(D'Angelo et al., 2001), measuring absorbance at 630 nm in 96-well microplates on a BioTek 
EPOCH microplate spectrophotometer. 
Table 2: Selected characteristics of the two field waters used in experiments. 
Water Type pH Salinity 
psu 
Ca2+ 
mM 
Mg2+  
mM 
Na+ 
mM 
Cl-  
mM 
SO4
2- 
mM  
Total 
alkalinity as 
HCO3– mM 
Freshwater  7.2 0.1 2.75 0.2 0.7 0.8 1.66 2.98  
Seawater 8.05 40.0 9.75 49.3 468.5 545.9 10.4 2.43  
 
Desorption Experiment 
Pre-loading Calcite with P 
Prior to the desorption experiment, we pre-loaded the calcite with P; this adsorbed P would 
then be available to be desorbed in a subsequent step. To 18.5 L deionized water we added 128 g 
calcite, and equilibrated the solution to calcite overnight, shaking intermittently. We then added P 
stock solution to reach 30 M P concentration and allowed 1-week equilibration with intermittent 
shaking. We then separated the solid from the solution and dried at 60 C overnight. Based on mass 
balance, we calculated a P adsorption of approximately 1.64 mol P/ g calcite. 
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Desorption continuum 
A set of 43 test tubes was assembled, each with 0.5 g P-loaded calcite, and 40 mL of a 
solution that was either pure Freshwater, full strength seawater, or an incremental mixture in 
between, with more mixtures on the freshwater end of the continuum. The tubes were shaken for 
3 days on an orbital platform shaker at 200 rpm, filtered and measured for P concentration.  
Amount of desorption in mol/g was calculated from final P concentration (Pf) in M:  
(𝑃𝑓  ∗ 0.04 𝐿)/0.5 𝑔 = 𝐷𝑒𝑠𝑜𝑟𝑏𝑒𝑑 𝑃, 𝜇𝑚𝑜𝑙/𝑔   .  (2) 
 
Isotherm experiments 
Each water type (freshwater, seawater and diluted seawater) was first pre-equilibrated to  
2 g/L of calcite overnight and filtered at 0.2 m. The resulting solutions for each water type were 
then adjusted to a pH of 7.6 by adding HCl. The pH was adjusted to a value of 7.6 since in 
preliminary experiments we determined that this was the pH at which calcite neither precipitated 
nor dissolved in seawater. 
In each test tube, 40 mL of one of the water types and 1.000 g calcite was combined with 
phosphorous stock solution (also adjusted to pH = 7.6) to create 30 equal increments of P 
concentration ranging from 2 μM to 60 μM. The range of the phosphorus dose was based on those 
from Millero et al. (2001a). Triplicates were made for the middle value of the range for the 
phosphorus added to each water type to calculate error. After shaking at 200 rpm for 24 hours, 
each suspension was filtered using a 0.45 m nylon syringe filter, and filtrates were then analyzed 
for final SRP, as described previously.  
  
 
9 
Specific surface area 
The density of surface reactive sites has a great effect on P sorption behavior. Specific 
surface area was measured by using a Micromeritics Tristar II instrument that is a single-point 
Brunauer, Emmett, and Teller Model (BET) used for specific surface area analysis (nitrogen gas 
physisorption) for plain calcite (used for the isotherm experiments) and calcite with adsorbed P 
(see “Pre-loading Calcite with P” section above). 
  
 
10 
 
 
 
 
 
COMPUTER MODELING 
 
Geochemical Modeling Program: PHREEQC 
PHREEQC is a geochemical modeling program developed by United States Geological 
Survey (USGS) (Parkhurst and Appelo, 2013, Parkhurst and Appelo, 1999). PHREEQC (which 
stands for pH-REdox-Equilibrium) is a public domain program written in C++. The program 
simulates chemical reactions in natural waters using thermodynamic data for equilibrium 
chemistry of aqueous solutions interacting with minerals. The program can provide speciation of 
aqueous species in batch reactions and do a variety of hydrogeochemical calculations. It is a 
powerful tool for modeling aqueous chemical data. 
It is possible to use PHREEQC to simulate adsorption and desorption of aqueous species 
at the solid-solution interface using user-defined solid surfaces and surface complexation 
reactions. This program has been used by previous workers to investigate surface complexation 
between P and calcite (Sø et al., 2011), as well as other adsorption studies (Bachmaf and Merkel, 
2011, Kong, 2009). 
For this project we used PHREEQC, version 3.4 (Parkhurst and Appelo, 2013). We used 
the surface complexation reactions between P and calcite from Sø et al. (2011) (Table 1). We wrote 
code that simulated our two experiment types (isotherm and desorption continuum). In PHREEQC 
script, we wrote surface reactions and their affinity constants from Sø et al. (2001) (Table 1), and 
also we added the affinity constants of aqueous species in seawater (Table 3) (Pierrot and Millero 
(2016); Millero and Schreiber, 1982). We used those codes to generate selected output data files 
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with PHREEQC predictions of final measurements (of P adsorption and the amount of P in the 
water (Final P) for isotherms; P desorption values for desorption experiments); these became the 
simulated data we would later compare to our observed data. Refer to Appendix A for detailed 
explanation of how we used PHREEQC and to see example computer code scripts. 
 
Table 3: Stoichiometric aqueous complexation constants (Log k*s) specific to seawater (25°C)
a From Pierrot and Millero (2016), Table 10 
b Millero and Schreiber (1982) 
  
 
 Reactions 
 
Log k* 
H2O = OH- + H+ -13.215 a 
CO32- + H+ = HCO3- 8.952 a 
PO43- + H+ = HPO42- 21.721 a 
PO43- + 2H+ = H2PO4- 19.76 a 
Na+ + HPO42- = NaHPO4- 0.05 a 
Na+ + H2PO4- = NaH2PO4 -0.54 a 
Na+ + PO43- = NaPO42- 0.52 a 
Mg2+ + SO42- = MgSO4 1.01 a 
Mg2+ + H+ + CO3-2 = MgHCO3+ 0.28 a  
Mg2+ + CO32- = MgCO3 1.94 a 
Mg2+ + H2O = MgOH+ + H+ -12.02 a 
SO42- + H+ = HSO4- 1.49 a 
Ca2+ + H2O = CaOH+ + H+ -12.98 a 
Ca2+ + CO32- = CaCO3 2.1 a 
Ca2+ + CO32- + H+ = CaHCO3+ 0.33 a 
Ca2+ + SO42- = CaSO4 1.03 b 
Mg2+ + PO43- = MgPO4- 3.84 b 
Mg2+ + HPO42- = MgHPO4 1.51 b 
Mg2+ + H2PO4- = MgH2PO4+ 0.47 b 
Ca2+ + PO43- = CaPO4- 4.5 b 
Ca2+ + HPO42- = CaHPO4 1.28 b 
Ca2+ + H2PO4- = CaH2PO4+ 0.24 b 
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Parameter Estimation Modeling Program: PEST 
The computer program PEST offers model-independent parameter estimation 
and uncertainty analysis developed by John Doherty (2018). We used PEST (version 16.0) paired 
with PHREEQC. 
The user writes PEST files with (1) the observed (empirical) data that PEST must attempt 
to match, (2) one or more parameter specified for PEST to optimize in order to match the observed 
data (we used affinity constants from Sø et al. (2011) in Table 1 values for initial estimates of 
values), and (3) input files for the secondary program (in our case PHREEQC) that PEST can run 
to simulate experimental results. 
During a run, PEST writes our initial estimates into the PHREEQC input files we provided, 
runs PHREEQC to generate output data, and then compares the simulated vs. observed data. PEST 
evaluates the difference between the simulated vs. observed data by using an objective function: 
the sum of the squared difference between the simulated and observed results  
[∑ (experimental value – simulated value)2]. If the difference between simulated and observed is 
large, the objective function is large. PEST keeps repeating this cycle, adjusting the parameters 
until the difference is minimized. In this way, PEST iteratively adjusts the specified parameters 
until they are optimized to minimize the difference between simulated and observed results. 
  Moreover, PEST determines 95% confidence limits. It means that assuming the function 
is linear, there is a 95% probability at the through value of the parameters between low number 
and high number. The range of 95% confidence can be a lot smaller when number is more 
confident. Refer to Appendix B for examples of PEST files, and to Appendix C for details on our 
PEST modeling results and rejected models.  
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RESULTS 
Our model-derived values from combining PHREEQC and PEST are listed in Table 4. The 
reactions we used for modeling our experiments are given in Table 1; for brevity only the adsorbing 
species and the Model number are listed in Table 4. For more details on the modeling procedures, 
discarded models, statistics, and results, see Appendix C. 
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Table 4: Affinity constants for surface complexation reactions between P species and positive 
sites (Ca) on the CaCO3 surface; affinity constants from Sø et al. (2011). Their models 1 and 2 are 
provided for reference. 
 
 
 
 
 
 
Calcite 
solubility 
 
 Adsorbing Species 
CaPO4- CaHPO40  
(Model 1) 
HPO42-  
(Model 2) 
Weak Strong Weak Strong Weak Strong 
Desorption 
Model 1 
 
-8.48 
-8.48 
 
-0.80 ± 3.1a 
-1.0 ± 3.4b 
 
 2.83 ± 0.28a 
-2.95 ± 0.2b 
 
-1.2 ± 0.38a 
-1.1 ± 0.15b 
 
 0.99 ± 12a 
        - 
  
Model 2  -8.48 
-8.48 
-0.85 ± 3.5a 
-0.95± 3.5b 
 2.83 ± 0.31a 
 2.81± 0.29b 
  -0.72 ± 0.34a 
-0.73 ± 0.27b 
1.01 ± 9a 
       - 
Isotherm 
Seawater 
 
-4.39 
 
0.84 ± 0.13c 
 
3.44 ± 0.10c 
    
With Table 3 
values 
   1.99‡ 4.48‡   
Freshwater -8.48 1.18 ± 0.23d 3.55 ± 0.11d     
Diluted Seawater 
                    -8.48 
 
0.89 ± 0.06d 
 
3.10 ± 0.08d 
    
 -4.39 1.18 ± 0.07b 3.38± 0.08b     
With Table 3 
values 
-4.39   2.72‡ 4.36‡   
Sø et al. (2011) 
Model 1        -8.48 
 
-0.79 
 
2.21 
 
-1.75 
 
0.90 
  
Model 2 -8.48 -0.72 2.30   -2.00  0.17 
aResults using 1, -1, 3, 1 as k1, k2, k3 and k4, respectively as initial estimate in PEST 
bResults using 1, -1, 3 as k1, k2 and k3, respectively as initial estimate in PEST 
cResults using Sø et al. (2011) Model 1 chemical reactions and values as initial estimate in PEST 
dResults using Sø et al. (2011) Model 2 chemical reactions and values as initial estimate n PEST 
‡ We do not provide 95% confidence limits for these values because the correlation coefficient was too high.   
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Desorption experiment 
The calcite that had not been pre-loaded with P had a specific surface area of 0.66 m2/g, 
and the P-loaded calcite had a specific surface area of 0.68 m2/g; we used the latter for our 
PHREEQC code for the desorption experiments. 
We found that as the amount of seawater increases in a freshwater-seawater mixture, P 
desorption rises (Figure 1). Specifically, P desorption was 0.4 mol/g in 2% seawater (98% 
freshwater), while in 100% seawater, it increased to 0.6 mol/g. The magnitude of desorption 
increased as a power function of the percentage of seawater (solid gray curve in Figure 1). The 
power function is most suitable when data values are not zero or negative and when data values 
fall or rise at increasingly higher rates. 
 Our simulated results from PHREEQC and PEST matched well with experimental data 
(Figure 1). We modeled P desorption with two different calcite solubilities and according to the 
objective function, the calcite standard solubility of -8.48 is better for the desorption modeling 
(Figure C-1 and Figure C-2 vs. Figure C-3). Moreover, to reach a reasonable fit with the 
experimental data, affinity constants were estimated by PEST. For both models, the desorption 
values were found to be similar to those from Sø et. all (2011) (Table 4). From the PEST results, 
CaHPO4
0 on the strong site reaction is not very effective for this experiment, because the sensitivity 
of its affinity constant is smaller than that of the other affinity constants (Appendix C, Table C-2). 
At Table 4, there are results running PEST without CaHPO4
0 on the strong site reaction. However, 
we cannot remove it from the script because when we ran PEST without CaHPO4
0 on the strong 
site reaction, although the affinity constants were very similar with others which found with using 
CaHPO4
0 on the strong site reaction, objective function was worse (Appendix C, Table C-2). 
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 Also, Model 1 (with CaHPO4
0 and CaPO4
-) is slightly better than Model 2 (HPO4
2- and CPO4
- ) 
(objective function is 1.79E-03 vs. 2.78E-02 for Model 1 vs. Model 2, respectively).  
The solubility of calcite in seawater (Ksp= -4.39) differs by four orders of magnitude from 
the standard calcite solubility (pK= -8.48)(Morse et al., 1980). Yet, in order to obtain a good fit 
for our model, we found it necessary to use standard values for calcite solubility for the desorption 
experiment (Table 4). The simulated desorption curves using seawater calcite solubility bear no 
resemblance to the shape of experimental desorption curves; the simulated desorption curves are 
v-shaped (see Appendix C, Figure C-3).  
The affinity constants of aqueous species are also different in seawater (Table 3) (Millero 
et al., 1982). We expected that adding seawater-specific affinity constants (Table 3) to the model 
would improve our simulations. For our data, they did not improve the results, but did change the 
species of P that adsorbed: CaHPO4
0 with the constants, and CaPO4- without them. The sensitivity 
of CaPO4- on both weak and strong sites is 0 for both calcite solubilities, and both models 
(Appendix C, Table C-2). For desorption, when we use the standard solubility constant for calcite 
and the seawater-specific affinity constants for aqueous species (see Table 3), the shape is 
reasonable, but the results are worse than when we omit them. Although the coefficient of 
determination (R2) are the same for the two models, Model 1 (which uses CaHPO4
0 and CaPO4- as 
the adsorbing species) fits the data well (slope = 1.01), while Model 2 (with HPO4
2- and CaPO4- 
as the adsorbing species) is not reasonable (slope = -0.14), (R2 = 0.86; see Appendix C / Table C-
2/ Figure C-4 - Graph a). Even though it is unclear why the seawater-appropriate values provide 
worse results, we can nonetheless infer that they are not necessary to explain seawater-induced P 
desorption. 
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Figure 1: The desorption experiment results with empirical data (solid orange circles), simulated 
data (open blue circles), shown with respect to the relative amount of seawater in each mixture 
(power function curve shown as solid black line with power function equation). Simulated data 
was obtained with Model 1, the standard solubility of calcite of -8.48 (Plummer and Busenberg, 
1982, Langmuir, 1968). 
 
 
 
Figure 2: Desorption with modeled values for strong and weak sites. Dotted curve and dashed 
curve represent strong and weak site, respectively.  
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For the isotherm experiments, the amount of P adsorbed changes with water type despite 
the same amount of calcite being used for all solutions. (Figure 3d). From the experimental data, 
the sorption isotherm curves indicate a non-linear decrease in sorption efficiency as the seawater 
content increased: the isotherm for diluted seawater is closer to that for pure seawater despite its 
composition being closer to that of pure freshwater; this behavior was similar to that found in 
Flower et al. (2016). The adsorption in freshwater is the highest, and that in seawater is the lowest. 
The adsorption in diluted seawater is close to seawater but not quite as low (Figure 3).  
Also, all affinity constants are effective for desorption simulations, whereas in the isotherm 
modeling, only two affinity constants are sensitive (strong and weak CaHPO4
0) for all water types. 
To model the freshwater isotherm, we used the default PHREEQC database affinity 
constants for standard solubility of calcite of -8.48 and the default association constants for 
aqueous complexes, because the freshwater is a dilute solution, and this solubility worked well for 
the solutions in Sø et al. (2011) (Appendix C, Figure C-5). Sø et al. (2011) used the ‘wateq.v4’ 
database, but when we used it, we got the same results as the default “phreeqc.dat” database. For 
freshwater, the only adsorbing species that the system is sensitive to is the complex ion CaPO4
-. 
The correlation is high; R2 = 0.99 and slope = 0.98 (Appendix C, #3c in Table C-3). Slope is 
obtained from the equation generated from the graph of experimental vs. simulated P. When the 
slope is close to 1, our simulated P adsorption data is a good match for the empirical data. The 
affinity constants for weak and strong sites on the calcite surface are slightly different from those 
in Sø et al. (2011) (the affinity constants* are 1.18 vs. -0.79 and 3.55 vs. 2.30 for weak and strong 
sites, respectively); this difference probably arises from the fact that there was only one adsorbing 
species (CaPO4
-) that PEST found to be sensitive. Although P largely adsorbs onto the strong sites 
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at low P concentrations, when the initial P concentration rises (PO4
- total <25 M), P adsorbed 
onto weak sites also becomes considerable (Sø et al., 2011). 
To model the seawater isotherm, the best match was obtained using seawater-specific 
calcite solubility (Ksp= -4.39) and seawater-specific affinity constants for aqueous complexes 
(Table 3), with the sole adsorbing species (CaHPO4
0, from Model 1). However, on omitting the 
seawater-specific affinity constants (but still using seawater calcite solubility of -4.39), almost as 
good of a fit is obtained for sole adsorption of CaPO4- (the same sole adsorbing species for 
freshwater), and it is insensitive to the other adsorbing species (Appendix C, Figure C-7).  
For diluted seawater, good results can be obtained for Model 2 with the sole adsorbing 
species being CaPO4- (the same sole adsorbing species important in freshwater and in seawater if 
Table 3 affinity constants are not used for aqueous species). Either solubility gives equally good 
results (Appendix C, Figure C-9). However, using seawater-specific affinity constants for aqueous 
species (Table 3) Model 1 with 4.39 with sole adsorbing species CaHPO4
0 resulted in slightly 
better results (Appendix C, Figure C-10).  
The optimized affinity constants for CaPO4- adsorption for all three of our water types 
(freshwater, seawater, and diluted seawater) are slightly different from those in Sø et al. (2011); 
however, they are similar to each other (Table 4). This might be due to all dynamics being captured 
by a single species (CaPO4-) in all the isotherms. The affinity constants as a logarithmic function 
for weak sites are -0.72 or -0.79 in Sø et al. (2011), but they are 1.18 or 0.84 for our waters. The 
affinity constants for strong sites are 2.21 or 2.30 for Sø et al. (2011), and 3.55-3.44 for our waters. 
Also, they are higher in freshwater (1.18 for weak sites, 3.55 for strong) than in seawater (0.84 for 
weak sites and 3.44 for strong sites). The affinity constants of diluted seawater are intermediate 
between the two, but much closer to seawater (0.89 for weak sites and 3.10 for strong sites).  
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The seawater - specific affinity constants from Table 3 were added to the PHREEQC script 
for seawater and diluted seawater. Although the estimated surface complexation affinity constants 
are similar to each other due to a solo species (CaHPO4
0), they are much higher than the affinity 
constants used in Sø et al. (2011) (Table 4).  
 
Figure 3: Isotherm results. Isotherm empirical (circles) and simulated (continuous black curve) 
data, with modeled values for strong (dotted curve) and weak (dashed curve) sites for a) 
Freshwater, b) Seawater, and c) Diluted seawater; and d) Comparison of the three water types with 
blue triangles for freshwater, green squares for seawater, and orange diamonds for diluted 
seawater.  
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DISCUSSION 
The surface reactions supplied by the existing P-sorption models of Sø et al. (2011) (Table 
1) are sufficient to explain seawater-induced P desorption from calcite obtained in our experiments 
(Figure 1), with modest adjustments in affinity constants (Table 4). Model 1 and Model 2 reactions 
(Table 1) fit equally well with our empirical data, suggesting that P adsorption in seawater may 
involve CaPO4- and either CaHPO4
0 or HPO4
2-. The shape of the desorption curve can be explained 
by the combined effects of the strong and weak sites (Figure 2).  
Although Mg2+ and SO4
2- are known to affect P adsorption, they appear not to be necessary 
to explain the increased desorption that occurred with increasing seawater content in our mixtures. 
Millero et al. (2001a) noted that Ca has a stronger interaction with P, and thus may have a greater 
effect at the calcite surface. Millero et al. (2001a) found that the presence of sulfate decreased P 
adsorption to the calcium carbonate polymorph aragonite, but they chiefly ascribe the apparent 
effect of salinity to the changes in bicarbonate concentration in the solutions. They predicted that 
if freshwater in a given region had higher alkalinity than seawater, less P would absorb to sediment 
particles in that high alkalinity water compared to seawater. Flower et al. (2016) found this to be 
the case, when comparing P adsorption to calcareous sediment in a high alkalinity brackish 
groundwater in a mangrove zone vs. seawater. However, in the present study, alkalinity was higher 
in the freshwater compared to the seawater sample (Table 3), and neither the experimental nor 
simulated results predict greater adsorption in seawater (Figure 3d). The lower P adsorption 
(Figure 3d) and greater P desorption (Figure 1) in seawater cannot be explained by differences in 
alkalinity between the two waters. 
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We expected that since the solubility of calcite in seawater (Ksp= -4.39) differs by four 
orders of magnitude from standard calcite solubility (pK= -8.48) (Morse et al., 1980), the seawater 
value, or an intermediate value, would be necessary to simulate the diluted seawater isotherm and 
the desorption experiment (Table 4). However, the standard solubility of calcite is necessary to 
simulate the desorption experiment. The isotherm data for diluted seawater could be fit well with 
either seawater or standard calcite solubility constants. Only the isotherm data for seawater 
requires the seawater-specific calcite solubility constant. 
The affinity constants of aqueous species are also different in seawater (Table 3), as 
expected based on the previous work of Millero et al. (2001b). We expected that adding seawater-
specific affinity constants (Table 3) to the model produced would improve our seawater 
simulations. For our data, the simulations performed equally well with them as without them, but 
the inclusion of these values did change which species of P adsorbed: CaHPO4
0 with them, and 
CaPO4- without them (Table 4). For desorption, when we used the standard solubility constant for 
calcite and the seawater-specific affinity constants for aqueous species (see Table 3), the shape is 
reasonable, but the results were worse (R2 = 0.86 compared to 0.98 without them; see Appendix C 
Table C-2 and Figure C-4). Although the reason is unclear, we can nonetheless infer that 
accounting for seawater-driven differences in association constants for aqueous species is not 
necessary to explain seawater-induced P desorption. 
It is possible that CaCO3
0 complex ions adsorb onto the calcite surface as a precursor to 
calcite precipitation, and this may then inhibit P adsorption. However, our model does not include 
this process as an influence on P adsorption. 
The isotherm data for freshwater, seawater, and diluted seawater fit best to a simplified 
version of the Sø et al. (2011) models: only adsorption of CaPO4- is important. We eliminated 
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reactions that distinguished the two models (i.e., those involving CaHPO4
0 for Model 1 and HPO4
2- 
for Model 2), because PEST sensitivity analysis indicated little or no sensitivity to the affinity 
constants for these reactions, and optimization results were the same when reactions with these P 
species were omitted (see Appendix C for detailed modeling results). 
The optimized affinity constants for the desorption experiment are very similar to the Sø 
et al. (2011) values, and two different adsorbing P species are required, with equally good results 
between the two models. This is particularly intriguing since the Sø et al. (2011) models are derived 
from isotherm (adsorption) experiments, rather than desorption. The optimized affinity constants 
for CaPO4- adsorption for the isotherm experiments for our three water types (freshwater, seawater, 
and diluted seawater) are slightly different from those in Sø et al. (2011), which may in part be a 
compensation for the lack of adsorption from the other P species, which shows the influence of 
the chemical composition of these natural waters compared to the 13 CaCO3- based synthetic 
solutions used for Sø et al. (2011).  
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CONCLUSION 
When calcite pre-loaded with P is subjected to a mixture of freshwater and seawater, the 
amount desorbed increases as a power function as the relative amount of seawater increases. 
Existing geochemical models of carbonate mineral surface reactions from previous workers (Sø et 
al., 2011, Pokrovsky and Schott, 1999, Pokrovsky et al., 1999) are sufficient to explain this 
relationship, when the affinity constants are adjusted using optimization software. Our results 
suggest that CaPO4- and either CaHPO4
0 or HPO4
2- may be important species in the P 
adsorption/desorption reactions in freshwater-seawater mixing.  
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Appendix A: PHREEQC Code for Isotherm Experiments 
To model an isotherm experiment, an input file was created for PHREEQC (Table A-1). 
The components, their function, and how we used them are as follows: 
Calcite  
Calcite was added at three different junctures in the script.  
1. The first appearance is under PHASES, which is where we could give different solubilities 
for calcite than the one in the database. Whereas the solubility of calcite is defined as  
pK= -8.48 in many sources for freshwater and standard conditions and in the PHREEQC 
database, the stoichiometric constants in seawater is -4.39 x10-7 (mol2kg-2) (Morse, 2007).  
2. The second time we used calcite was to pre-equilibrate our solutions to it, prior to the phase 
in which it reacted with P. This accounts for the changes in water composition if the calcite 
were to precipitate or dissolve. To do this, we added calcite as an equilibrium phase, 0.02 
moles (2 g calcite/ L converted to moles), after which the solution is saved again. 
3. Then, since 1 g calcite was added into solution to measure P adsorption, new reaction was 
added to script as calcite 10 millimoles. 
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Naming the surface 
In the PHREEQC, a default surface is defined for hydrous ferric oxide, but the user may 
define their own surface using SURFACE MASTER SPECIES. We used the surface as defined 
by Sø et al. (2011), which was the surface of calcite partitioned into three types of sites:  
1. Two types of positive sites (the Calcium on the solid CaCO3): weak “Surf_ca,” and strong 
“Surf_sca,” to which carbonate can adsorb (“Surf_caCO3
-” and “Surf_scaCO3
-”) 
2. One type of negative sites (the carbonate on the solid CaCO3) “Surf_co”, to which a proton 
can adsorb (“Surf_coH”) 
Surface reactions  
In the section designated as SURFACE_SPECIES, a series of reactions are provided in 
which the surface exchanges ions and complexes with the aqueous solution. The first set of 
reactions and affinity constants were provided by Pokrovsky and Schott (2002), and involve the 
surfaces exchanging with Ca, H+, water, CO3, and HCO3 in the solution. The second set involves 
species of P interacting with the surface from Sø et al. (2011). Originally the isotherm script 
included all four surface reactions for either Model 1 or Model 2 from Sø et al. (2011) however 
for reasons discussed elsewhere, we eliminated the two reactions that distinguished the two 
models, and only used the two that were in both Model 1 and Model 2, involving (CaOH0) 
interacting with strong and weak positive sites. 
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Characterizing the surface sites 
One key characteristic that must be defined is the total number of each type of sites 
available during the experiment. In PHREEQC, all experiments are normalized to 1 L, so the sites 
are given as moles/L. This is calculated by: Site density in mol/m2, converted to moles/m2, times 
the specific surface area, times the number of grams of solid material in 1 L.  
The positive sites density was set to 8.22 mol /m2, the same as Sø et al. (2011), which 
comes from Pokrovsky and Schott (2002). According to Dzombak and Morel (1990), strong sites 
have low density whereas weak sites with a higher density. Sø et al. (2011) optimized the ratio of 
strong to weak sites and used 7.31 and 0.91 µmol/m2 for weak vs. strong respectively. We used 
these values from So et al. (2011). 
The specific surface area was measured to be 0.66 m2/g for the plain calcite, and  
0.68 m2/g for the calcite that had been pre-loaded with P for the purposes of the desorption 
experiment. 
In our experiments we used 1 g calcite in 0.04 L of solution, which is 25 g/L. 
Thus, for weak positive sites we calculated 
 7.31 mol /m2 x 1 mol/106 mol x 0.66 m2/g * 25 g = 0.000120 mol/L. The same calculation 
using 0.91 mol /m2 for strong sites yielded 1.5E-5. 
The negative sites were set at 8.22 mol/m2, same as the total positive sites, yielding  
0.000135 mol /L. 
The second number in the first line is the specific surface area, and the third number, 
1819.5, represents the mass of solid used for calculating surface area. In our case this was 25 g/L, 
however we applied a factor of 72.78, which was devised by Sø et al. (2011) to convert the simplest 
electrostatic model available in PHREEQC (SCM) to the constant capacitance model (CCM), 
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which is not directly available in PHREEQC (for details see the electronic annex EA-2 in Sø et al. 
(2011)). 
Reactions with P 
In the isotherm experiment, each test tube was given a different P dose, from 2-30 mol, 
made from stock solution, expressed here as K2HPO4
-. The previously defined surface is included 
in this step, which allows the P to interact with the surface. 
Solutions 
Three different water types all at pH = 7.7 were used as freshwater (fw), seawater (sw) 
(Table A-2), 10% seawater whose pH was different and 90% DI mixing (10%) (Table A-3). These 
water types were described as three different solutions by specifying their chemical features, such 
as pH, alkalinity, temperature and the amount of some elements based on laboratory 
measurements.  
The equilibrium phase carbon dioxide was added to the script, because this system was 
open. Although tubes were closed during the incubation period, there was a pocket of air in the 
tube, and the solutions were in an open container before experiment. 
Selected Output file 
After determining everything doing in experiment, selected output file and graph were 
occurred. While creating them, all values were converted from mole to micromole by multiplying 
106. The reason of that is that PHREEQC calculates values as mole automatically, and we wanted 
to convert to mol, which is how our experimental data was calculated.  
We generated two types of data for the selected output file: 
 
1. Final P concentration in the solution in mol//L (TOT("P") *1E6)  
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2. And adsorbed P in mol/g (“SURF ("P", "Surf") *1E6*0.04”) 
For P adsorption we divided by 25 (g) (expressed as x 0.04) to make it per gram. 
Table A-1: Desorption Model 2 script with chosen values.  and all but one of the mixtures 
omitted for space.  
 
 SURFACE_MASTER_SPECIES 
  Surf_ca Surf_caCO3-; Surf_co Surf_coH; Surf_sca Surf_scaCO3- 
SURFACE_SPECIES # Pokrovsky 02 
 
Surf_scaCO3- = Surf_scaCO3-; log_k 0.0 
Surf_scaCO3- + H2O = Surf_scaOH2+ + CO3-2; log_k -5.25 
Surf_scaCO3- + HCO3- = Surf_scaHCO3 + CO3-2; log_k -3.929 
# 
Surf_caCO3- = Surf_caCO3-; log_k 0.0 
Surf_caCO3- + H2O = Surf_caOH2+ + CO3-2; log_k -5.25 
Surf_caCO3- + HCO3- = Surf_caHCO3 + CO3-2; log_k -3.929 
# 
Surf_coH = Surf_coH; log_k 0.0 
Surf_coH = Surf_co- + H+; log_k -5.1 
Surf_coH + Ca+2 = Surf_coCa+ + H+; log_k -1.7 
# 
Surf_caCO3- + HPO4-2 = Surf_caHPO4- + CO3-2; log_k -2 
Surf_caCO3- + CaPO4- = Surf_caPO4Ca + CO3-2; log_k -0.72 
Surf_scaCO3- + CaPO4- = Surf_scaPO4Ca + CO3-2; log_k 2.3 
Surf_scaCO3- + HPO4-2 = Surf_scaHPO4- + CO3-2; log_k 0.17 
SOLUTION 501 DI 
temp      25 
pH        7.7 
pe         4 
redox    pe 
units     µmol/ kgw 
density   1 
-water    1 # kg 
EQUILIBRIUM_PHASES 501 
CO2(g) -3.5 10 
Calcite 0 0.07 
Save SOLUTION 502 
END 
USE SOLUTION 502 
REACTION 1 
K2HPO4     1 
30 micromoles 
 
Table A-1 (Continued) 
SAVE SOLUTION 503 
END 
USE SOLUTION 503 
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SURFACE 1 
Surf_ca    62.13e-6   0.68      909.75 
Surf_co    69.87e-6 
Surf_sca   7.74e-6 
SAVE SURFACE 1 
END 
PHASES 
Fix_H+ 
H+ = H+ 
log_k 0.0 
Calcite 
CaCO3 = CO32- + Ca2+ 
log_k -8.48 
END 
SOLUTION 1 seawater 
pH        8.05 
redox     pe 
units     mg/l 
density   1.00239 
Alkalinity 2.43 meq/l as HCO3 
Ca        390 
Cl        19353 
K         399.1 
Mg        1200 
Na        10768 
S(6)      1000 
-water    1 # kg 
EQUILIBRIUM_PHASES 1 
CO2(g) -3.5 10 
Calcite   0 0.02 
 SAVE SOLUTION 1 
 END 
 SOLUTION 2 freshwater 
temp      25 
pH        7.2 
pe        4 
redox     pe 
units     mg/l 
density   1 
Alkalinity 2.98 meq/ l as HCO3 
Cl        0.8 
K         0.04 
Mg        5 
Na        16.1 
 
Table A-1 (Continued) 
S         160 
Ca        110 
-water    1 # kg 
EQUILIBRIUM_PHASES 2 
CO2(g) -1.5 10 
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Calcite 0 0.02 
SAVE SOLUTION 2 
END 
TITLE MIXING 2% 
MIX 1 
1    0.02 
2    0.98 
SAVE SOLUTION 3 
END 
TITLE EQUILIBRATE 
USE SOLUTION 3 
EQUILIBRIUM_PHASES 3 
CO2(g) -3.5 10 
Calcite   0 0.02 
Fix_H+    -8.18 NaOH 10.0 
SAVE SOLUTION 5 
END 
TITLE calcite reaction 
USE SOLUTION 5 
REACTION 100 
Calcite    1 
5 millimoles 
USE SURFACE 1 
SAVE SOLUTION 6 
END 
TITLE 100% sw 
USE SOLUTION 1 
EQUILIBRIUM_PHASES 104 
CO2(g) -3.5 10 
Calcite   0 0.02 
Fix_H+    -8.06 NaOH 10.0 
SAVE SOLUTION 104 
END 
TITLE CALCITE REACTION 
USE SOLUTION 104 
REACTION 125 
Calcite    1 
5 millimoles 
USE SURFACE 1 
SAVE SOLUTION 105 
END 
USE SURFACE 1 
 
Table A-1 (Continued) 
USE SOLUTION 6 
SELECTED_OUTPUT 1 
-file                 desorption.prn 
-reset               false 
USER_PUNCH 1 
-headings DES 
-start 
 
36 
10 PUNCH TOT ("P") *0.08*1E6 
-end 
USER_GRAPH 1 
-headings               2% 100% 
-axis_titles            "Cl" "Desorbed P (mol /g)" 
-chart_title            "desorption" 
-plot_concentration_vs x 
-start 
10 X= TOT("Cl") 
20 A= TOT("P") 
30 PLOT XY x, A*1E6*0.08 
-end 
END 
USE SURFACE 1 
USE SOLUTION 105 
USER_GRAPH 
-start 
10 X= TOT("Cl") 
20 A= TOT("P") 
30 PLOT XY x, A*1E6*0.08 
-end 
END 
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Table A-2: PHREEQC code for the Seawater Isotherm Experiment   
 
SURFACE_MASTER_SPECIES 
  Surf_ca Surf_caCO3-; Surf_co Surf_coH; Surf_sca Surf_scaCO3- 
SURFACE_SPECIES # Pokrovsky 02 
Surf_scaCO3- = Surf_scaCO3-; log_k 0.0 
Surf_scaCO3- + H2O = Surf_scaOH2+ + CO3-2; log_k -5.25 
Surf_scaCO3- + HCO3- = Surf_scaHCO3 + CO3-2; log_k -3.929 
# 
Surf_caCO3- = Surf_caCO3-; log_k 0.0 
Surf_caCO3- + H2O = Surf_caOH2+ + CO3-2; log_k -5.25 
Surf_caCO3- + HCO3- = Surf_caHCO3 + CO3-2; log_k -3.929 
# 
Surf_coH = Surf_coH; log_k 0.0 
Surf_coH = Surf_co- + H+; log_k -5.1 
Surf_coH + Ca+2 = Surf_coCa+ + H+; log_k -1.7 
# 
Surf_caCO3- + HPO4-2 = Surf_caHPO4- + CO3-2; log_k -0.72 
Surf_caCO3- + CaPO4- = Surf_caPO4Ca + CO3-2; log_k -0.85 
Surf_scaCO3- + CaPO4- = Surf_scaPO4Ca + CO3-2; log_k 2.83 
Surf_scaCO3- + HPO4-2 = Surf_scaHPO4- + CO3-2; log_k 1.01 
 SURFACE 1 
 Surf_ca    0.000120    0.66      1819.5 
 Surf_co    0.000135 
 Surf_sca   1.5E-05 
 END 
REACTION 1 sw 
  K2HPO4-    1 
  2 4 6 8 10 12 14 16 18 20 22 24 26 27 29 micromoles 
USE SURFACE 1 
END 
PHASES 
 Calcite 
     CaCO3 = CO3-2 + Ca+2 
     log_k -4.39 
END 
SOLUTION 5 seawater pH8 
   pH        8.05 
            redox     pe 
            units     mg/l 
           density   1.00239 
           Alkalinity 2.43 meq/l as HCO3 
Ca        390 
Cl        19353 
K         399.1 
Mg        1200 
  Na        10768 
 
 
Table A-2 (Continued) 
S (6)      1000 
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-water    1 # kg 
 EQUILIBRIUM_PHASES 5 
CO2(g) -3.5 10 
Calcite   0 0.02 
 SAVE solution 5 
 END 
USE SOLUTION 5 
  REACTION 7 
  Calcite    1 
   10 millimoles 
USE SURFACE 1 
SAVE SOLUTION 9 
END 
#  
USE SURFACE 1 
USE REACTION 1 
USE SOLUTION 9 
SELECTED_OUTPUT 1 
-file                  iso-sw.prn 
-reset                false 
USER_PUNCH 1 
-headings PADS FINALP 
-start 
10 PUNCH SURF ("P", "Surf") *1E6*0.04 
20 PUNCH TOT ("P") *1E6 
 -end 
USER_GRAPH 1 
-headings                sw 
-axis_titles            "Final P" "P adsorbed (mol)" 
-chart_title            "isoterm" 
-plot_concentration_vs x 
USER_GRAPH 
-start 
10 x = TOT("P") *1e6 
20 try = SURF ("P", "Surf") 
30 PLOT XY x, TRY*1e6*0.04, symbol = Triangle, symbol_size = 8, color = blue 
  -end 
END 
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Table A-3: PHREEQC code for Freshwater solution(pre-equilibrated to calcite) for the Isotherm 
Experiment 
 
SOLUTION 4 Freshwater 
temp      25 
pH        7.6 
pe        4 
redox     pe 
units     mg/l 
density   1 
Alkalinity 2.98 meq/l as HCO3 
Cl        0.8 
K         0.04 
Mg        5 
Na        16.1 
S         160 
Ca        110 
-water    1 # kg 
EQUILIBRIUM_PHASES 4 
CO2(g) -1.5 10 
Calcite   0 0.02 
SAVE solution 4 
END 
  
Table A-4: PHREEQC code for Diluted seawater solution(pre-equilibrated to calcite) for the 
Isotherm Experiment 
 
PHASES 
Calcite 
CaCO3 = CO3-2 + Ca+2 
log_k -4.39 
END 
SOLUTION 1 seawater 
pH        7.6 
redox     pe 
units     mg/l 
density   1.00239 
Alkalinity 2.43 meq/ l as HCO3 
Ca        390 
Cl        19353 
K         399.1 
Mg        1200 
Na        10768 
S (6)      1000 
-water    1 # kg 
 
 
 
Table A-4 (Continued) 
EQUILIBRIUM_PHASES 1 
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CO2(g) -3.5 10 
Calcite 0 0.02 
SAVE SOLUTION 1 
END 
SOLUTION 2 DI 
temp      25 
pH        7.6 
pe        4 
redox     pe 
units     µmol/ kgw 
density   1 
-water    1 # kg 
EQUILIBRIUM_PHASES 2 
CO2(g) -3.5 10 
Calcite   0 0.02 
SAVE SOLUTION 2 
END 
SOLUTION 3 10% 
MIX 1 
1    0.1 
2    0.9 
EQUILIBRIUM_PHASES 3 
CO2(g) -3.5 10 
Calcite 0 0.02 
SAVE SOLUTION 3 
END 
 
Appendix B: PEST Code example 
To run PEST, first of all 3 different files whose names are instruction, template and PEST 
should be created about information of PHREEQC script.  
Instruction file (x.ins):  
Instruction file (Table B-1) having “.ins” extension is created to “tell” PEST how to read 
the selected output file generated directly by PHREEQC during each run (selected output file has 
the extension “. prn”). For each line number in the selected output, a line is written in the 
instruction file to specify which observation datum is in the given line, and which characters of 
the file to read. For instance, in our desorption selected output file (Table B-1), 26 P concentrations 
are listed, for samples 1-26; in the instruction file, the first sample is listed as p1, and PEST is told 
to read characters 2-13 on that line for the P concentration. 
 
41 
Therefore, PEST can extract the necessary values from the output file for each run.  
Template file (x.tpl): 
Template file (Table B-2) has “.tpl” extension and it is the PHREEQC script that PEST 
will use for each run, designating the parameters to be optimized, and written generate the data 
that will be compared with experimental (observation) data. There are only two differences 
between the template file and the original PHREEQC file: 
The first line of template file should contain ptf letters and a single character, such as @, #, *. The 
letters “ptf” represents “Pest Template File”, the character is a parameter delimiter (pest manual).  
The values of the parameters in the PHREEQC script that PEST must optimize are replaced 
with symbols such as “@.” For instance, in our project, we wish to optimize the surface 
complexation reactions involving P, so values of the log k’s have been replaced with these 
symbols, bracketing the name we are giving that parameter, such as k 1 (“log_k @k1@”.). 
Control File (x.pst):  
Control files have the extension “.pst”. At the top of the page of control file must contain 
“pcf” which stands for “PEST control file” (pest manual). Pest file includes observation data, the 
value of weights, the number of groups of parameters, how many parameters PEST must optimize 
(along with their names (e.g., “k1”), an initial estimate, and upper/lower bounds), the location of 
necessary files so that PEST can open them as needed (e.g., input and output files). In this study, 
equilibrium constants are defined as none relative, because they are logarithmic value and have 
negative numbers.  
 
Running PEST 
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During a run, PEST takes the “initial estimates” provided for each parameter in the control 
file, writes them into a PHREEQC input file using the template file, runs PHREEQC, which the 
selected output file, which it reads by using the instruction file, and compares the simulated data 
to the observation data provided by the user (in the control file). The objective function is the 
difference between the simulated and observed. If the difference between simulated and observed 
is minimal, the objective function is minimal. PEST keeps repeating this cycle, adjusting the 
parameters until the difference is minimized.  
Of the PEST files that are generated by a run, we focused mainly on two. First, x.rec shows 
the residual (difference between the simulated and observed), the objective function, the values it 
calculated, 95% confidence limits, correlation coefficient, and other useful information.  
The file .sen provides an index of the sensitivity of each parameter, calculated from a 
Jacobian matrix. Sensitivity is an important factor, because when the value of a parameter has low 
sensitivity, it means that it has little effect on the results.  
For this research, PEST was used for both isotherm and desorption experiments.  
Desorption PEST control file (Table B-2):  
1-  Parameter data: It is same as Isotherm control file. We defined our affinity constants 
which we want to estimate.  
2- Observation Group: We would like to compare only our desorption calculation data 
 with experimental data, so we have only one group. 
3-  Observation data: We have 26 different desorption experimental data, and their 
weight is 1. 
4- The end of the page: We wrote the location of our PHREEQC and PEST files. 
Isotherm PEST control file (Table B-4):  
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1- Parameter data: For four different affinity constants which PEST estimates, we     
  defined them as k1, k2, k3 and k4 by giving initial estimates, low and upper bound.  
 Since our parameters are neither logarithmic or fixed and not linked to another  
 parameter, we used “none”. Our parameters are relative limit, we used “relative”.  
2- Observation groups: We have two observation groups. First group is P adsorption 
 experimental data, second group is Final P experimental data.  
3- Observation data: We specified our adsorbed P and Final P experimental data as p1 
 and c1, respectively. We used 1 for weight and showed which one is group 1 or 2.  
4- The end of the page: We wrote the location of our PHREEQC and PEST files. 
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Table B-1: PEST Instruction file for the Desorption Experiment 
pif @ 
l2 [p1]2:13  
l1 [p2]2:13  
l1 [p3]2:13  
l1 [p4]2:13  
l1 [p5]3:13  
l1 [p6]3:13  
l1 [p7]3:13  
l1 [p8]3:13  
l1 [p9]3:13  
l1 [p10]3:13  
l1 [p11]3:13  
l1 [p12]3:13  
l1 [p13]3:13  
l1 [p14]3:13  
l1 [p15]3:13  
l1 [p16]3:13  
l1 [p17]3:13  
l1 [p18]3:13  
l1 [p19]3:13  
l1 [p20]3:13  
l1 [p21]3:13  
l1 [p22]3:13  
l1 [p23]3:13  
l1 [p24]3:13  
l1 [p25]3:13  
l1 [p26]3:13  
 
Table B-2: PEST Control file for the Desorption Experiment 
pcf 
* control data 
restart estimation 
4 26 1 0 1 
1 1 single point 1 0 0 
10 2 0.1 0.01 2 
3 3 0.001 
0.1 
30 0.01 3 3 0.01 3 
1 1 1 
* parameter groups 
kx relative 1e-2 1e-5 switch 2 parabolic 
 
 
 
Table B-2. (Continued) 
* parameter data 
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k1 none relative    -1  -5 20 kx 1 0 1 
k2 none relative    -1 -5 20 kx 1 0 1 
k3 none relative     3 -5 20 kx 1 0 1 
k4 none relative     1 -5 20 kx 1 0 1 
* observation groups 
group_1 
* observation data 
p1 0.4028 1 group_1 
p2 0.4106 1 group_1 
p3 0.4361 1 group_1 
p4 0.462 1 group_1 
p5 0.4801 1 group_1 
p6 0.4959 1 group_1 
p7 0.5083 1 group_1 
p8 0.5212 1 group_1 
p9 0.5393 1 group_1 
p10 0.5391 1 group_1 
p11 0.5526 1 group_1 
p12 0.573 1 group_1 
p13 0.5808 1 group_1 
p14 0.5939 1 group_1 
p15 0.5913 1 group_1 
p16 0.6017 1 group_1 
p17 0.6043 1 group_1 
p18 0.6097 1 group_1 
p19 0.6298 1 group_1 
p20 0.6327 1 group_1 
p21 0.6248 1 group_1 
p22 0.6426 1 group_1 
p23 0.6507 1 group_1 
p24 0.6545 1 group_1 
p25 0.6608 1 group_1 
p26 0.6533 1 group_1 
* model command line 
phreeqc.exe  desorption.pqi  desorption.pqo  phreeqc.dat  scr.out 
* model input/output  
desorption.tpl   desorption.pqi 
desorption.ins    desorption.prn 
* prior information 
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Table B-3: PEST Instruction file for the Seawater Isotherm Experiment 
pif @ 
l2 [p1]3:13 [c1]16:30 
l1 [p2]3:13 [c2]16:30 
l1 [p3]3:13 [c3]16:30 
l1 [p4]3:13 [c4]16:30 
l1 [p5]3:13 [c5]16:30 
l1 [p6]3:13 [c6]16:30 
l1 [p7]3:13 [c7]16:30 
l1 [p8]3:13 [c8]16:30 
l1 [p9]3:13 [c9]16:30 
l1 [p10]3:13 [c10]16:30 
l1 [p11]3:13 [c11]16:30 
l1 [p12]3:13 [c12]16:30 
l1 [p13]3:13 [c13]16:30 
l1 [p14]3:13 [c14]16:30 
l1 [p15]3:13 [c15]16:30 
 
Table B-4: PEST Control file for the Seawater Isotherm Experiment 
pcf 
* control data 
restart estimation 
2 30 1 0 2 
1 1 single point 1 0 0 
10 2 0.1 0.01 4 
3 3 0.001 
0.1 
30 0.01 3 3 0.01 3 
1 1 1 
* parameter groups 
kx relative 1e-1 1e-5 switch 2 parabolic 
* parameter data 
k1 none relative    -1.75    -5    20     kx   1   0   1 
k2 none relative    -0.79    -5    20     kx   1   0   1 
k3 none relative     2.21    -5    20     kx   1   0   1 
k4 none relative     0.90    -5    20     kx   1   0   1 
* observation groups 
group_1 
group_2 
 
 
 
 
Table B-4 (Continued) 
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* observation data 
p1 0.078008236 1 group_1 
c1 0.096855427 1 group_2 
p2 0.158623758 1 group_1 
c2 0.053808571 1 group_2 
p3 0.234309472 1 group_1 
c3 0.090398399 1 group_2 
p4 0.30010489 1 group_1 
c4 0.355136566 1 group_2 
p5 0.309552646 1 group_1 
c5 2.130819397 1 group_2 
p6 0.362971352 1 group_1 
c6 2.841092529 1 group_2 
p7 0.411233881 1 group_1 
c7 3.648221089 1 group_2 
p8 0.444709714 1 group_1 
c8 4.713630787 1 group_2 
p9 0.48149836 1 group_1 
c9 5.714470201 1 group_2 
p10 0.531502396 1 group_1 
c10 6.295602764 1 group_2 
p11 0.542447101 1 group_1 
c11 8.297281591 1 group_2 
p12 0.583301622 1 group_1 
c12 9.10441015 1 group_2 
p13 0.614174459 1 group_1 
c13 10.52495642 1 group_2 
p14 0.627027475 1 group_1 
c14 11.97778782 1 group_2 
p15 0.644342241 1 group_1 
c15 13.49518951 1 group_2 
* model command line 
phreeqc..exe iso-sw.pqi iso-sw.pqo phreeqc.dat scr.out 
* model input/output  
iso-sw.tpl  iso-sw.pqi 
iso-sw.ins  iso-sw.prn 
* prior information 
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Appendix C: Discarded Models 
Table C-1: Sø et al. (2011) surface reactions and affinity constants, with our abbreviations for 
affinity constants specified as k1-4. 
 
Different “attempts” were made for each water type in the isotherms as outlined in the tables 
below. The things we tested for were:  
1. Full vs. truncated data set. Higher doses: We used the P-final and P-adsorbed for the 
first 15 P-doses from the isotherm experiments, rather than the full set of 30 P-doses, 
because both give same estimation. To confirm this, first we used 15 P-doses and then 30 
P-doses as observation data in control file for seawater isotherm modeling, and we obtained 
same affinity constants after running PEST (see Figure C-6). 
2. Calcite solubility: the two calcite solubilities (-8.48 being the standard solubility of calcite 
log k, and -4.39 being the log k for calcite solubility in seawater). For freshwater we only 
used -8.48 but for seawater, diluted seawater, and desorption, we compared the results 
using both solubilities. 
3. The stoichiometric association constants: With and without the stoichiometric 
association constants for aqueous complexes in seawater (Table 3). 
 Model 1: CaHPO40 with CaPO4-    Log k 
Weak 
Sites 
k1    
k2 
> CaCO3- + CaHPO40 = >CaHPO4Ca+ + CO32-     -1.75 ± 0.07 
> CaCO3- + CaPO4- = >CaPO4Ca0 + CO32-     -0.79 ± 0.07 
Strong 
Sites 
k3 
k4     
> sCaCO3- + CaPO4- = >sCaPO4Ca0 + Co32-   
> sCaCO3- + CaHPO40 = >sCaHPO4Ca+ + CO32- 
2.21 ± 0.03 
0.90 ± 0.06 
   
 Model 2: HPO42- with CaPO4-    Log k 
Weak 
sites 
k1 
k2 
> CaCO3- + HPO42- = >CaHPO4- + CO32- -2.00 ± 0.15 
> CaCO3- + CaPO4- = >CaPO4Ca0 + CO32-   -0.72 ± 0.10 
Strong 
sites 
k3 
k4 
> sCaCO3- + CaPO4- = >sCaPO4Ca0 + CO32-   2.30 ± 0.05 
> sCaCO3- + CaHPO42- = >sCaHPO4-+ CO32-     0.17 ± 0.16 
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4. Model 1 vs. Model 2: In Sø et al. (2011) (Table C-1), Model 1 has CaHPO40 with CaPO4-, 
Model 2 is HPO4
2- with CaPO4
-. 
5. Initial estimate: Initial estimate using Sø et al. (2011) vs. alternative (arbitrary) values. 
PEST estimates different data according to the initial estimate. 
To decide which affinity constants are more appropriate, we compared simulated to observed 
results using three measures: (1) objective function [∑(experimental value– simulated value)2],  
(2) slope of the graph of simulated vs. observed data, and (3) R2 of the linear regression between 
simulated and observed. 
Within a given model, some of the reactions shown by PEST were found to be insensitive. 
When sensitivities are above zero, they are considered sensitive; when the sensitivity came back 
as zero or was extremely small (e.g., 10-5), the affinity constants for these reactions were 
designated as insensitive and then omitted. For confirmation, runs were made without those 
reactions to ensure that the affinity constants of the other reactions did not change.  
Desorption Models 
1. Initial Estimation Values: When we ran PEST with Sø et al. (2011) affinity constants as 
initial estimates for both Model 1 and Model 2, the calculated values are not close to 
experimental data, and their slopes are not close to 1 (0.58 is for Model 1, while 1.33 is for 
Model 2). For this reason, we tried several numbers and found the best values to use as 
initial estimates (-1, -1, 3, 1 as k1, k2, k3 and k4, respectively), because PEST estimates 
different data according to initial estimates. 
2. Solubility: Standard calcite solubility is better for desorption modeling due to lowest 
objective function and better slope, (1.79E-3 objective function and 0.98 slope, #2d). 
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Objective function is not too bad even when we use seawater calcite solubility, but the 
slope and R2 are worse (slope <0).  
3. Model 1 vs. Model 2: After running PEST, Model 1 and Model 2 affinity constants are 
very similar, and the slope and R2 are the same. To decide which affinity constants are 
more appropriate, objective functions are compared. The objective function of Model 1 is 
lower than that of Model 2 (Table C-2, #2d vs. #5d).  
4.  Sensitivities: Estimated affinity constants are sensitive although they are small. The 
affinity constant, k4, is the most unsensitive in all results. Because k4 is more unsensitive 
than other affinity constants, we tried to take its reaction off from the script. However, 
when the script did not have k4 reaction, the values of the objective function increased 
(Table C-2, #2e and #5e). When k4 is not in the script, objective function is 4.51E-3, but it 
is 1.79E-3 with k4 for Model 1 (Table C-2, #2d vs. #2e). Also, for Model 2, when objection 
function is 1.79E-3 without k4, it is 2.78E-2 with using surface reaction which has k4 as 
affinity constant (Table C-2, #5d vs. #5e). Therefore, we can say that despite the sensitivity 
of k4 being less than others, it affects to desorption modeling.  
5. Conclusion: In the absence of seawater-specific affinity constants, Model 1 is the best with 
the freshwater solubility of calcite of -8.48 (#2d). 
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When we add seawater-specific affinity constants to script: 
1. Sensitivity: Omit reactions 2 and 3: After adding seawater-specific affinity constants, 
second and third reactions are not effective for this model. Thus, we can take them off from 
script, because their sensitivities are 0. Also, k1 sensitivity is very small, but it still affects 
desorption.  
2. Model 1 vs. Model 2: Model 1 is better (objective function was 0.025) when we use the 
standard solubility of calcite of -8.48 (#3*). Using seawater calcite solubility, objective 
function is 0.2 for Model 2 (#12*) whereas using freshwater calcite solubility for Model 1 
is worse (objective function= 2) (#9*). 
3. Conclusion: According to PEST estimation, with seawater-specific affinity constants, we 
should use first and fourth reactions of Model 1 with -5 and 3.9 affinity constants, 
respectively and the freshwater calcite solubility of -8.48 (#3* - Graph 14). However, 
without seawater-specific affinity constants, desorption model is better. Therefore, we can 
prefer to not use seawater-specific affinity constants on desorption script 
(#2d - Graph 3).  
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Table C-2: The desorption experiment PEST results summary with using the standard solubility 
of calcite of -8.48 and the seawater solubility of calcite of -4.39 
 
-8.48 Seawater calcite solubility 
 
Attempt # 
 
Reaction 1 Reaction 2 Reaction 3 Reaction 4 Objective 
function 
Slope / R2 
The Reactions of Model 1 
 
#1a                             -1.9 
 
-0.94 
 
2.7 
 
0.86 
 
 
 
1.82E-03 
 
 
 
0.58/ 0.98 
sensitivity 0.0729 
 
9.89E-03 
 
0.06 
 
1.44E-03 
 
  
#2d -1.2 
 
-0.8 
 
2.83 
 
0.99 
 
1.79E-03 
 
0.98/ 0.98 
sensitivity 8.75E-02 
 
1.29E-02 
 
0.06 
 
1.82E-03 
 
  
#2e -1.1 -1 2.95     - 4.51E-03 0.86/ 0.98 
sensitivity 0.12 8.84E-03 4.72E-02    
#3* -5 
 
-0.79 
 
2.21 
 
3.19 
 
0.025 1.03/ 0.86 
sensitivity 
 
6.6E-05 
 
0.00++ 
 
0.00++ 
 
0.05 
 
  
The Reactions of Model 2 
 
#4b                     -2.0 
 
 
-0.72 
 
 
2.30 
 
 
0.17 
 
 
2.03E-02 
 
 
 
1.33/ 0.99 
sensitivity 6.14E-03 
 
1.92E-02 
 
0.06 
 
9.42E-04 
 
  
#5d -0.72 
 
-0.85 
 
2.83 
 
1.01 
 
2.78E-02 
 
0.98/ 0.98 
sensitivity 0.015 
 
0.0245 
 
0.07 
 
6.14E-03 
 
  
#5e -0.73 -0.95 2.81         - 1.79E-03 0.99/ 0.98 
sensitivity 6.93E-02 9.06E-03 5.73E-02    
#6* -1.7 
 
-0.72 
 
2.3 
 
1.17 
 
0.2 -0.14/ 0.86 
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Table C-2 (continued) 
 
-4.39 Seawater calcite solubility 
 
Attempt # 
 
Reaction 1 Reaction 2 Reaction 3 Reaction 4 Objective 
function 
Slope / R2 
 
The Reactions of Model 1 
 
#7a                   -0.82 
 
 
-1.5 
 
 
 0.59 
 
 
6.46 
 
 
 0.15 
 
 
 
8x10-3/2x10-3 
sensitivity 0.10 
 
7.63E-04 
 
 0.055 
  
6.10E-03 
  
  
#8d -0.99 -0.19  19.7 -1.90  0.35 -0.18/ 0.15 
       
sensitivity 0.11 
 
5.43E-02 
 
  1.96E-4 
 
4.90E-05 
 
  
#9* -1.7 
 
-0.79 
 
 2.221 
 
3.6 
 
 2 -0.45/ 0.069 
sensitivity 5.21E-04 
 
0.00++ 
 
 
 0.00++ 
 
 
 2.62E-02 
 
 
 
 
The Reactions of Model 2 
 
#10b                       -2.0 
 
 
-0.72 
 
 
2.30 
 
 
0.17 
 
 
 
1.58 
 
 
 
-0.6/ 0.34 
sensitivity 5.41E-03 1.40E-02 4.25E-02 8.38E-04   
#11d -1 -1 3 1 2.07 
 
-0.35/ 0.37 
sensitivity 4.70E-02 
  
8.26E-03 
  
2.85E-02 
  
6.30E-04 
  
  
#12* -1.6 
 
-0.72 
 
2.3 
 
1.14 
 
0.2 -0.15/ 0.40 
sensitivity 2.14E-03 
 
0.00++ 
 
 
0.00++ 
  
9.24E-02 
 
  
aEstimated using Sø et al. (2011) Model 1 reactions and values (-1.79, -0.75, 2.21, and 0.9, k1, k2, k3and k4, 
respectively) as initial estimation PEST 
bEstimated using Sø et al. (2011) Model 2 reactions and values (-2, -0.72, 2.30, and 0.17, k1, k2, k3 and k4, 
respectively) as initial estimation PEST 
cEstimated using for converting sensitivity using Model 2 reactions and PEST results which are sensitive as initial 
estimation PEST 
dEstimated using best values (-1, -1, 3, and 1, k1, k2, k3and k4, respectively) as initial estimation PEST 
++Determined as unsensitivity 
eEstimated using best values (-1, -1, and 3, k1, k2 and k3, respectively) as initial estimation PEST 
* Estimated using seawater-specific affinity constants in PHREEQC script 
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Figure C-1: Desorption results with standard calcite solubility of -8.48 (with Model 1). In left-
hand graphs (a, c): Phosphorus desorption empirical data (orange circles), simulated data (empty 
circles), in right-hand graphs (b, d): simulated vs. observed values for P desorption, with linear 
regression shown as dashed line, along with its equation and R2.  
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Figure C-2: Desorption results with standard calcite solubility of -8.48 (with Model 2). In left-
hand graphs (a, c): Phosphorus desorption empirical data (orange circles), simulated data (empty 
circles), in right-hand graphs (b, d): simulated vs. observed values for P desorption, with linear 
regression shown as dashed line, along with its equation and R2.  
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Figure C-3: Desorption results with standard calcite solubility of -4.39. In left-hand graphs (a, 
c): Phosphorus desorption empirical data (orange circles), simulated data (empty circles) for 
Model 1 and Model 2, in right-hand graphs (b, d): simulated vs. observed values for P 
desorption, with linear regression shown as dashed line, along with its equation and R2. 
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Figure C-4: Desorption results with using special seawater affinity constants. Phosphorus 
desorption empirical data (blue circles), simulated data (blue line). Graphs a and c are Model 1 
with standard calcite solubility of -8.48, b and d are Model 2 with seawater calcite solubility of  
-4.39. 
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Freshwater isotherm  
Note:  
1. Sensitivities; omit 2 reactions: k1 and k4 are not much sensitive for all PEST results; 
thus, the associated reactions (>sCaCO3- + CaHPO42- = >sCaHPO4-+ CO32- ) could be 
taken off from script.  
To Confirm insensitivity: After omitting first and fourth reactions, we ran PEST again 
with using k2 and k3, which are 1.18 and 3.55, respectively (#3c in Table C-3). The 
estimated values for k2 and k3 remain the same, and the slope is 0.98. Therefore, we 
confirmed that we can use just the k2 and k3 values as Model 2 results (Attempt 3).  
2. Model 1 vs. Model 2: There is a big objective function difference between Model 1 and 
Model 2 (41.7 and 0.42, respectively). Thus, Model 2 (#2d) is better than Model 1(#1a).  
3. Result: For freshwater PHREEQC modeling, attempt 3 is chosen.  
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Table C-3: Freshwater isotherm PEST results summary 
 
Attempt # 
 
Reaction 1 Reaction 2 Reaction 3 Reaction 4  Objective 
function 
Slope / R2 
The Reactions of Model 1 
 
#1a                            -1.8 
 
 
 
1.58               2.32 
 
 
0.86 
  
 
41.75 
 
 
1.07/ 0.992 
sensitivity 4.12E-4++         0.04    0.63 3.73E-3++   
 
 
#2b -0.84 
 
 1.18 
 
3.55 0.96  0.42 
 
1.01/ 0.999 
sensitivity 0.35 
 
0.00++               0.00++               0.3 
 
   
#3c  
 
1.18 
 
3.55 
  
 0.41 
 
0.98/ 0.999 
sensitivity 
 
0.047 
 
0.01 
  
   
aEstimated using Sø et al. (2011) Model 1 reactions and values (-1.79, -0.75, 2.21, and 0.9, k1, k2, k3and k4, 
respectively) as initial estimation PEST 
bEstimated using Sø et al. (2011) Model 2 reactions and values (-2, -0.72, 2.30, and 0.17, k1, k2, k3and k4, 
respectively) as initial estimation PEST 
cEstimated using for converting sensitivity 
‡Determined unsensitivity 
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Figure C-5: P adsorption results for freshwater. In left-hand graphs (a and c): freshwater 
isotherm empirical data (blue circles) and simulated data (dashed black curve); in right-hand 
graphs (b and d): simulated vs. observed values for P adsorption with linear regression shown as 
dashed line, along with its equation and R2.  
  
 
61 
Seawater isotherm 
Without seawater-specific aqueous affinity constants: 
1. Sensitivity: Omit reactions 1 and 4: We found that log k for reactions 1 and 4 (from Table 
C-4, #1a; the reactions involving protonated complex ion: CaHPO4
0) are not sensitive 
(1.12E-04, and 0.00 for k1 and k4, respectively), and so the reaction appears to be 
unimportant in simulating the experiment. Attempt 5c: To confirm the omission of k1 and 
k4 by omitting reactions 1 and 4, the only difference between the models is the initial 
estimates from Sø et al. (2011) ; we are using the initial estimates from Model 1 Attempt 
1 (0.86 and 3.43 for k2 and k3 respectively). When we ran PEST again, the objective 
function, k2 and k3 parameters, slope and R2 were almost the same (k2 and k3 are 0.84 and 
3.44, respectively). We concluded that k1 and k4 could be omitted. 
2. Model 1 vs. Model 2: Model 1 affinity constants are the best for this PEST study because 
the objective function for Model 1 is lower than that for Model 2 (2.78 vs. 13.5). R2 is the 
same and close to 1 for Model 1 and Model 2, but the slope is better for Model 1. Therefore, 
the log k’s obtained in Attempt 1a (using Sø et al. (2011) Model 1 values for initial 
estimates) are chosen for this project.  
3. Calcite solubility: Using the standard calcite solubility of -8.48, we obtained good results 
for Model 1, but not for Model 2 (not shown in table); similarly, the results were better for 
Model 1 at the seawater calcite solubility of -4.39 (Table C-4). 
 
 
 
When we add seawater-specific aqueous affinity constants to script: 
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4. Sensitivity: Omit reactions 2 and 3: For both Model 1 and Model 2, the second and the 
third reactions are not effective because the values of their sensitivities are 0.  
5. Model 1 vs. Model 2: The objective function is much lower in Model 1 than in Model 2 
(2.8 vs. 1903 for Model 1 and Model 2, respectively), and the slope is close to 1 for Model 
1 (#2*) and 0.01 for Model 2 (#4*). According to PEST estimation, we should use the first 
and the fourth reactions of Model 1 with 1.99 and 4.48 affinity constants, respectively 
(#2*).  
6. Calcite solubility: Using the standard calcite solubility of -8.48, we obtained poor results 
for both models (not shown in table). 
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Table C-4: Seawater isotherm PEST results summary with using the seawater solubility of 
calcite of -4.39 
 
Attempt # 
 
Reaction 1 Reaction 2 Reaction 3 Reaction 4 Objective 
function 
Slope / 
R2 
The Reactions of Model 1 
 
#1a                                   -10 
 
 
0.86 
 
 
3.43 
 
 
-1.2 
 
 
2.78 
 
 
0.97/ 0.99 
 
sensitivity 1.12E-04++ 
 
0.124 
 
0.32 
 
0.00++ 
 
  
#2* 1.99 
 
-0.79     
 
2.21 
 
4.48 
 
2.8 
 
1.01/ 0.99 
sensitivity 0.35 
 
0.00++               0.00++               0.3 
 
  
The Reactions of Model 2 
 
#3b                        -10 
 
0.85 
 
3.43 
 
-1.8 
 
 
 
13.4 
 
 
1.15/ 0.99 
sensitivity 6.00E-05++ 
 
1.93E-02 0.68 6.91E-04++   
#4* -1.9 -0.72 2.3              0.68 1903 0.01/ 0.97 
sensitivity 8.02E-04 
 
0.00++               0.00++               0.013 
 
  
#5c  
 
0.84 
 
3.44 
  
2.77 
 
0.97/ 0.99 
sensitivity 
 
0.27 
 
0.37 
  
  
aEstimated using Sø et al. (2011) Model 1 values (-1.79, -0.75, 2.21, and 0.9, k1, k2, k3and k4, respectively) as 
initial estimation PEST 
bEstimated using Sø et al. (2011) Model 2 values (-2, -0.72, 2.30, and 0.17, k1, k2, k3and k4, respectively) as initial 
estimate in PEST 
cEstimated using for converting sensitivity  
‡Determined unsensitivity 
* Estimated using seawater-specific affinity constants in PHREEQC script 
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Figure C-6: P adsorption results with 15 and 30 P amounts for seawater. Modeling with adding 
30 different P amount (red lined) and 15 different P amount (green dash lined) as observation 
data.  
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Figure C-7: Isotherm results for seawater without adding seawater-specific affinity constants.  
These simulated data obtained from Model 1 and Model 2 (#1a vs. #3b, respectively), (Table C-
4). In left-hand graphs (a vs. c): seawater isotherm empirical (green squares), simulated (dashed 
green line) data. In right-hand graphs (b vs. d): simulated vs. observed values for P adsorption, 
with linear regression shown as dashed line, along with its equation and R2.  
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Figure C-8: Isotherm results for seawater with seawater-specific affinity constants. While #2* is 
Model 1 result, #4* is from Model 2 (Table C-4). In left-hand graphs (a and c): seawater 
isotherm empirical (green squares), simulated (dashed green line) data. In right-hand graphs (b 
and d): simulated vs. observed values for P adsorption, with linear regression shown as dashed 
line, along with its equation and R2.  
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Diluted seawater isotherm 
Without seawater-specific affinity constants: 
1. Model 1 vs. Model 2: According to objective function (for two solubilities), Model 2 is 
much better than Model 1 (Model 2 vs. Model 1: 1.72 vs. 71.84 for seawater calcite 
solubility, and 1.66 vs. 578 for freshwater calcite solubility, respectively).  
2. Sensitivity: Omit reactions 1 and 4: For Model 2 (for both solubilities), only reactions 2 
and 3 are sensitive, similar to seawater and freshwater. To confirm Results: After omitting 
k1 and k4, we ran PEST again for only 2 reactions. While k2 is 1.18 and k3 is 3.38 for 
seawater solubility (Table C-5, #5c), k2 is 0.89 and k3 is 3.10 for freshwater solubility 
(Table C-6, #5c). 
3. Solubility: For both solubilities, we have different k2 and k3 values, both equally good in 
terms of objective function and slope. 
4. Conclusion: Model 2 is the best, reactions k2 and k3, and either of the calcite solubilities 
are equally good: When we use the calcite solubility of seawater, we can use values of 1.15 
and 3.38 for k2 and k3, respectively (Table C-5, #5c). However, if we use calcite solubility 
in freshwater, we should use values of 0.89 and 3.10 for k2 and k3, respectively  
(Table C- 6, #5c). 
When we add seawater-specific affinity constants to script: 
5. Solubility: According to the lowest objective function, seawater calcite solubility is 
better for 10% diluted water (1.64 for Model 1). When freshwater calcite solubility is 
used, all parameters and functions are worse (>1000 objective function), (Table C-6, #2* 
and #4*).  
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6. Sensitivity: Omit reactions 2 and 3: After adding seawater-specific affinity constants, 
the second and the third reactions are not effective for the script. Thus, we can take them 
off from the script because their sensitivities are 0.  
7. Model 1 vs. Model 2: After deciding that the seawater calcite solubility is good for the 
script, Model 1 was found to be better according to the objective function. Using the 
seawater calcite solubility, the objective function is lower in Model 1 than in Model 2 
(1.64 vs. 77.8) (Table C-5, #2* and #4*). 
8. Conclusion: According to PEST estimation with seawater-specific affinity constants, we 
should use the first and the fourth reactions of Model 1 with values of 2.72 and 4.86 for 
affinity constants, respectively, and use seawater calcite solubility (#2* in Table C-5). 
With vs. without seawater-specific affinity constants: Either is equally good. When 
seawater-specific affinity constants are used with seawater solubility, Model 1 is better than 
Model 2 with k1 and k4 values. When seawater-specific affinity constants are not used at all, 
Model 2 is better than Model 1 with k2 and k3 values, irrespective of solubility. 
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Table C-5: Seawater diluted 1:9 with deionized water PEST results summary with using the 
seawater solubility of calcite of -4.39 
 
Attempt # 
 
Reaction  
1 
Reaction 
2 
Reaction 
3 
Reaction 
4 
Objective 
function 
Slope / R2 
The Reactions of Model 1 
 
#1a                                -3.7 
 
 
1.25 
 
 
 
3.41 
 
 
3.04 
 
 
71.84 
 
 
1.08/ 0.997 
sensitivity 3.33E-05++ 
 
0.731 
 
0.25 
 
5.56E-4++ 
 
  
#2* 2.72  
 
-0.79     
 
2.21 
 
4.86 
 
1.64 
 
1.04/ 0.99 
sensitivity 0.35 
 
0.00++               0.00++               0.3 
 
  
The Reactions of Model 2 
 
#3b                   -2.7 
 
1.15 
 
3.4 
 
0.17 
 
 
 
1.72 
 
 
1.03/ 0.997 
 
sensitivity 0.00++ 
 
0.379               0.252               0.00++ 
 
  
#4* 0.6 -0.72 10.2 4.32 77.8 
 
0.82/ 0.96 
sensitivity 4.51E-02 
 
0.00++  
 
2.49E-03      4.03E-02   
#5c  
 
1.15 
 
3.38 
  
1.68 
 
1.04/ 0.99 
sensitivity 
 
0.42 
 
0.34 
  
  
aEstimated using Sø et al. (2011) Model 1 values (-1.79, -0.75, 2.21, and 0.9, k1, k2, k3and k4, respectively) as 
initial estimate in PEST 
bEstimated using Sø et al. (2011) Model 2 values (-2, -0.72, 2.30, and 0.17, k1, k2, k3and k4, respectively) as initial 
estimate in PEST 
cEstimated using for converting sensitivity using Model 2 PEST results which are sensitive as initial estimate in 
PEST 
‡Determined unsensitivity 
* Estimated using seawater-specific affinity constants in PHREEQC script 
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Table C-6: Seawater diluted 1:9 with deionized water PEST results summary with using the 
standard solubility of calcite of -8.48 
 
 
Attempt # 
 
Reaction 1 Reaction 2 Reaction 3 Reaction 4 Objective 
function 
Slope / R2 
The Reactions of Model 1 
 
#1a                                 -1.8 
 
 
1.53 
 
 
2.45 
 
 
1.12 
 
 
578.5 
 
 
1.3/ 0.98 
 
sensitivity 3.33E-05++ 
 
0.731 
 
0.25 
 
5.56E-4++ 
 
  
#2* 3.19 
 
-0.79     
 
2.21 
 
3.39 
 
1383 
 
1.16/ 0.98 
sensitivity 0.9 
 
0.00++               0.00++               0.16 
 
  
The Reactions of Model 2 
 
#3b                      2.43 
 
0.58 
 
3.1 
 
0.81 
 
 
 
1.66 
 
 
1.04/ 0.997 
sensitivity 0.00++ 
 
0.379               0.252               0.00++ 
 
  
#4* -1 -0.72 2.3 0.68 2162 
 
0.02/ 0.97 
sensitivity 4.51E-02 
 
0.00++  
 
2.49E-03      4.03E-02   
#5c  
 
0.89 
 
3.10 
  
1.68 
 
1.04/ 0.99 
sensitivity 
 
0.43 
 
0.33 
 
 
 
  
aEstimated using Sø et al. (2011) Model 1 values (-1.79, -0.75, 2.21, and 0.9, k1, k2, k3and k4, respectively) as 
initial estimate in PEST 
bEstimated using Sø et al. (2011) Model 2 values (-2, -0.72, 2.30, and 0.17, k1, k2, k3and k4, respectively) as initial 
estimate in PEST 
cEstimated using for converting sensitivity using Model 2 PEST results which are sensitive as initial estimate in 
PEST 
‡Determined unsensitivity 
* Estimated using seawater-specific affinity constants in PHREEQC script 
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Figure C-9: P adsorption for seawater diluted water without adding seawater-specific affinity 
constants. In left-hand graphs (a, c): diluted seawater isotherm empirical data (orange dots), 
simulated with seawater calcite solubility of -4.39 (orange dashed curve) and standard calcite 
solubility of -8.48 (blue dotted curve) data; in right-hand graphs (b, d): simulated vs. observed 
values for P adsorption, diluted seawater with linear regression shown as orange dashed line with 
seawater calcite solubility and blue dotted line with standard calcite solubility, along with its 
equation and R2.  
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Figure C-10: P adsorption for seawater diluted water with using seawater-specific affinity 
constants. Graph a: diluted seawater isotherm empirical data (orange dots), simulated with 
seawater calcite solubility of -4.39 (orange dashed curve) and standard calcite solubility of -8.48 
(blue dotted curve) data; graph b: simulated vs. observed values for P adsorption, diluted 
seawater with linear regression shown as orange dashed line with seawater calcite solubility and 
blue dotted line with standard calcite solubility, along with its equation and R2.  
